We discuss the properties of the Λc baryon in nuclear matter at zero or finite temperature. Starting from the Lagrangian based on the heavy quark effective theory, we derive the effective Lagrangian for the Λc baryon existing as an impurity particle. Adopting the one-loop calculation for nucleons, we derive the effective potential as the quantity for measuring the stability of the Λc baryon in nuclear matter. The parameters in the Lagrangian are used by estimations in the lattice QCD simulations and the chiral extrapolations. We present that the Λc baryon is bound in nuclei with the binding energy of about 20 MeV at normal nuclear matter density. We discuss the case that the Λc baryon moves with constant velocity in nuclear matter. We also discuss the change of nucleon number density near the Λc baryon in nuclear matter, and show that the Λc baryon is a useful probe to research the higher density state in nuclear matter.
I. INTRODUCTION
Recently there has been general recognition that the extension of flavors is important for uncovering valuable information on the strong interaction. In fact, many exotic hadrons, whose structures are significantly different from normal hadrons (baryons and mesons), have been found at experimental facilities in charm and bottom flavors [1] [2] [3] [4] [5] [6] [7] . As one of the next problems, the extension of flavors in multi-baryon systems to heavier flavors is an interesting subject. Charm (bottom) nuclei contain heavy flavors (charm and bottom) as impurity particles (see e.g. Refs. [8, 9] for reviews). They are qualitatively different from hypernuclei in strangeness, because the masses of charm (bottom) hadrons are almost twice (fifth) as large as the nucleon mass, and hence the new symmetry should be introduced: the heavy-quark spin symmetry [10] [11] [12] (see Ref. [13] for textbook). The heavy-quark spin symmetry provides new pattern in spectroscopy (masses and decays) and reaction in charm (bottom) nuclei, and thus a heavy hadron serves as a novel probe to study nuclear systems in a manner different from a strangeness hadron in hypernuclei.
We consider a charm baryon to be an impurity particle in nuclear matter. We focus on a Λ c baryon as the simplest state in charm nuclei. The quark content in the Λ c baryon is up, down, charm (udc), in which the u and d quarks exist as the diquark with an attractive interaction between the u and d [14] [15] [16] . The ud diquark is also relevant to the color superconductivity in quark matter at high density limit (see Ref. [17] [18] [19] for reviews). Thus, to study the ud diquark in nuclear matter can be regarded as a first step toward high density state. The same discussion can be applied to a bottom baryon, Λ b , with better accuracy due to the heavier mass of the bottom quark. One of the most basic information to research the Λ c baryon in nuclear matter is the interaction between a Λ c baryon and a nucleon (N ). The study of the Λ c N interaction dates back to the late 1970s, around the time when the meson-exchange potential was adopted for the Λ c N interaction [20] , and the possibility of the Λ c bound in atomic nuclei was explored [21] [22] [23] . Along the development in the theory of hypernuclei, SU(4) flavor symmetry was considered to be a simple extension of flavor from up, down, strangeness to including charm [24] [25] [26] . In this model, the Λ c N interaction is provided by meson exchange potentials as an analogy to the phenomenological nucleon-nucleon and hyperon-nucleon potentials. Later, the interaction between a Λ c baryon and a nucleon was analyzed in terms of the heavy-quark spin symmetry without using SU(4) flavor symmetry [27, 28] . The possibility of the existence of Λ c N and Λ c N N bound and/or resonant states was studied in detail [29] [30] [31] , while they were not found in different theoretical studies [32, 33] (see also Refs. [28, [34] [35] [36] [37] [38] [39] ). Recently, the Λ c N potential has been calculated by the lattice QCD simulations. The results obtained by Miyamoto et al. indicated that the Λ c N interaction is attractive in both 1 S 0 and 3 S 1 channels, and that the difference in the potentials in the two channels is small [40] . The latter property is in good agreement with the expectations from the heavy-quark spin symmetry. Nevertheless, the attraction is not sufficiently strong to form Λ c N bound states.
Given an attraction between a Λ c baryon and a nucleon, there can exist a charm nucleus in which the Λ c baryon is bound as the ground state in the strong interaction, as long as the baryon number is sufficiently large. For simplicity, one may consider the nuclear matter to be an ideal case in which the surface effect can be ignored. This situation can be created approximately inside of atomic nuclei with large baryon numbers. In the quark-meson coupling (QMC) model, it was considered that the change of quark masses at finite density is caused by partial restoration of the broken chiral symmetry, and it was obtained that the binding energy is the order of hundred MeV [41] [42] [43] [44] [45] [46] . The calculation from the QCD sum rules, which is the method directly based on QCD, gave attraction for the Λ c baryon with binding energy about 20 MeV in nuclear matter [47] . However, it should be kept in mind that there are several studies in the QCD sum rules which rule out the possibility of the Λ c baryon bound in nuclear matter, while the Σ c baryon is bound [48, 49] and the Σ * c baryon also [50] . The purpose of the present study is to research the stability of a Λ c baryon in nuclear matter in terms of the heavyquark spin symmetry. We consider the zero-range interaction between a Λ c baryon and a nucleon, and evaluate the stability of the system in the presence of the Λ c baryon. The values of the coupling constant and the momentum cutoff parameter in the nucleon loops are estimated with a reference to the Λ c N potential in the lattice QCD simulations [40] . However, in Ref. [40] , a heavier pion (whose mass was larger than 410 MeV) was used to perform the calculation, and hence their potential can be different from the realistic one. In order to carry out a proper evaluation regarding the effective potential, we use the result which was obtained by chiral extrapolation based on the lattice QCD simulations. In the work by Haidenbauer and Krein [51] , they estimated the values of the scattering length and the effective range by using the real pion mass. We will use those values in order to constrain the possible range of parameters. Under this setup, we will estimate the effective potential in the presence of the Λ c baryon in nuclear matter with various temperatures and nucleon densities, and will discuss the stability of the Λ c baryon in nuclear matter. We will also discuss the change of the nucleon number density near the Λ c baryon, and will demonstrate that the Λ c baryon is a useful probe to research the higher density state in nuclear matter.
The present paper is organized as following. In section II, we introduce the Lagrangian for the system with a Λ c baryon in nuclear matter, and obtain the effective Lagrangian by assuming that the Λ c baryon is at rest in nuclear matter. In section III, we derive the effective potential in the presence of the Λ c baryon in nuclear matter, and also derive the equation expressing the change of nucleon number density near the Λ c baryon. Under this setup, we show the numerical results in section IV, and conduct in-depth analyses of the numerical results in section V. The final section is devoted to the conclusion.
II. LAGRANGIAN BASED ON HEAVY-QUARK SPIN SYMMETRY

A. Effective Lagrangian
We provide the interaction Lagrangian for a nucleon and a Λ c baryon. We follow the description based on the heavy quark spin symmetry by supposing that the mass of the Λ c baryon, M = 2.286 GeV, is sufficiently massive compared to the typical energy scales in low energy QCD (a few hundreds of MeV) [13, 52, 53] . We separate the four-momentum of the Λ c baryon p µ as p = M v µ + k µ with v µ the four-velocity v µ (v 0 > 0 and v µ v µ = 1) and the residual momentum k µ . The term M v µ indicates the on-mass-shell part, and the term k µ indicates the off-mass-shell part. The latter is the small quantity relevant to the low energy QCD, and it is supposed to be smaller than the mass of the Λ c baryon: k µ M . In the framework of the heavy baryon effective theory, instead of the original field of the Λ c baryon Ψ(x), we introduce the effective field for Λ c baryon defined by
with x = (t, x). In this definition, the Λ c baryon is at rest in the coordinate frame moving with the four-velocity v µ (v-frame). In the following most cases, we assume the four-velocity v µ = (1, 0), i.e. that the Λ c baryon is at rest in nuclear matter. In the relativistic formalism for the nucleon field ψ, considering all the possible combinations of the interaction term in S-wave, we obtain the general form of the interaction Lagrangian up to O(1/M ) given by
with unknown coefficients c 1 , c 2 , c 2 , c 3 and c 4 . m is the nucleon mass. We define iD
This term is necessary to achieve the velocity-rearrangement (reparametrization) to take into account the terms at O(1/M ) [54] [55] [56] [57] . S M Q is the dominantly large energy scale in the system. In the non-relativistic limit, the interaction Lagrangian (2) becomes a simpler form. When we keep only the leading term in the 1/M expansion, we confirm that the interaction Lagrangian (2) turns to be c 1 ϕ † ϕΨ v Ψ v only. ϕ is the nonrelativistic nucleon field: ψ t = (ϕ, 0) t . As a result, we obtain the simple Lagrangian
with the coupling constant c 1 . In this formalism, the mass of the Λ c baryon M is absorbed into the e iM v·x in Eq. (1), and the energy of the system is measured as the difference from M . Notice that the kinetic terms for a nucleon and a Λ c baryon are included. Notice also that there is no spatial propagation for the Λ c baryon, because only the leading terms in O(1/M ) are considered.
We consider further to transform the Lagrangian (3). We take the case that the Λ c baryon is at the spatial position x = 0, the zero-point in space, and consider that the Λ c baryon is at rest without moving in spatial directions. This will be a reasonable situation because the mass of the Λ c baryon is supposed to be sufficiently heavy. Then, the constraint condition for the number density of the Λ c baryon (
where δ (3) (x) is the three-dimensional delta function. With this setup of constraint, we consider the generating functional for the Lagrangian (3),
where N is an overall factor irrelevant to the dynamics. We notice that Z includes the constraint condition for Λ c baryon in Eq. (4). We notice also that this constraint is imposed in all time and position as denoted by t,x . At first sight, it might seem that the path-integral for Ψ v andΨ v is difficult to be performed. However, the problem can be easily resolved by introducing the auxiliary field λ(x) (real scalar field) as
with an overall factor N . The method of introducing the auxiliary field for treating the constraint condition have been used in impurity particle systems in the condensed matter physics [58] (see also Ref. [59] ). Then, we rewrite the generating functional Z as
with an overall factor N = N N , where the new Lagrangian is defined by
Furthermore, we replace the auxiliary field as
which does not change the dynamics essentially. As a result, we obtain the new form of the Lagrangian
where
and
respectively. The separation in Eq. (10) indicates that the nucleon (ϕ) is decoupled from the Λ c baryon (Ψ v ) as well as from the auxiliary field (λ). The dynamics of the nucleon is irrelevant to Ψ v ,Ψ v and λ. Thus the important part of Lagrangian for the nucleon dynamics in the presence of a Λ c baryon is provided by L[ϕ] in Eq. (11) . Therefore, we regard L[ϕ] as the basic effective Lagrangian in the following discussions. One can check that Eq. (11) is obtained in a straightforward manner by substituting Eq. (4) into Eq. (3). The advantage of introducing the auxiliary field λ is the general applicability for higher order terms. It can be understood that the constraint condition (4) can be considered systematically by performing the path-integral for λ when the higher order terms in the interaction are included. We comment that the Lagrangian (11) is essentially the same as the Clogston model which has been used for impurity systems in the condensed matter physics [60] . We also comment that there is no need to include the pions in the Lagrangian. This is because there is no interaction between pions and a Λ c baryon due to the isospin 0 of Λ c . Finally we mention that Σ c and Σ * c baryons are not taken into account in the present study, because the mass splitting between the Σ c (Σ * c ) baryon and the Λ c baryon is too large in the relevant energy scales in temperature and Fermi energy.
B. T -matrix in vacuum
We consider the effective Lagrangian (11), and investigate the value of the coupling constant c 1 . To estimate it, we utilize the result by the lattice QCD simulation. Recently, Miyamoto et al. gave the potential between a nucleon and a Λ c baryon by using the HAL-QCD method [40] . The obtained potentials are attractive at long range and repulsive at short distance. Because the pion masses used in their simulations are not so close to the real value, further analysis is needed. Based on the result by Ref. [40] , Haidenbauer and Krein adopted chiral perturbation theory for the Λ c N interaction, and they obtained the scattering length and the effective range at real pion mass [51] . We use the value of the scattering length in Ref. [51] in order to constrain the range of values of c 1 in Eq. (11) .
Let us consider the scattering process of the nucleon scattered on a Λ c baryon in vacuum. We suppose that the nucleon has the energy and momentum, (ω p , p) with ω p = p 2 /(2m) in the initial state and (ω p , p ) with ω p = p 2 /(2m) in the final state. Then, starting from the Lagrangian (11) and taking the multiple scatterings by the Λ c baryon into account, we find the T -matrix given by
which is a sum of infinite series of c 1 . 1 is a unit matrix in the spin and isospin space. We introduce a small and positive quantity ε. The momentum integral by the three-dimensional momentum k in the denominator includes the off-mass-shell motion of the nucleon in the multiple scatterings. For the regularization of the momentum integral, we introduce the sharp cutoff parameter Λ, and restrict the integral region for k = |k| as k ∈ [0, Λ]. The T -matrix can be expressed in terms of the phase shift δ(ω p ) as
Then, the scattering length is obtained as
with p = |p|. We will use the last equation in order to constrain the value ranges of Λ and c 1 for given scattering length a. 
III. EFFECTIVE POTENTIAL OF Λc BARYON IN NUCLEAR MATTER A. Effective potential at rest frame
We consider the energy gain of the system in the presence of a Λ c baryon in nuclear matter. Supposing that the Λ c is at rest in nuclear matter (v µ = (1, 0)) and using the Lagrangian (11), we obtain the effective potential
in the one-loop calculation for nucleons with ω p = p 2 /(2m). The relevant diagrams are shown in Fig. 1 . The coefficient is the number of degeneracy by spin and isospin of nucleons (2 × 2 = 4). −iV (0) in Eq. (16) gives an exact solution for Eq. (11). We comment that the effective potential in Eq. (16) supplies only the energy difference between the case that the Λ c baryon is present in nuclear matter and the case that it is absent. Thus, the effective potential V (0) is a useful quantity to observe how stably the Λ c baryon can exist in nuclear matter. Considering the nuclear matter at finite temperature and density, we use the formula for the Matsubara sum: we replace the p 0 -integral as dp 0 2π
where the last equation is obtained for f (p 0 ) which is a function with a branch cut on the real axis i.e. a logarithmic function. We define the chemical potential for nucleons µ and the Matsubara frequencies ω n = (2n + 1)π/β (n ∈ Z) with inverse temperature β = 1/T . Then, calculating Eq. (16), we find
where we define
in which P stands for the principal value integral. ρ(p 0 ) indicates the density-of-state at energy p 0 for a nucleon without a factor of degeneracy by spin and isospin.
B. Effective potential in moving frame and effective mass
Next let us consider that the Λ c baryon is moving with a constant three-dimensional velocity u in nuclear matter. We notice that u is related to the spatial component of the four-velocity: v = u/ 1 − |u| 2 . In the small velocity limit, we have v u. We replace δ (3) (x) to δ (3) (x − ut) in Eq. (4) . Noting that the zero-point of the time t can be chosen arbitrarily, we assume that the Λ c baryon exists at x = 0 at t = 0. Repeating the previous discussions, we find that the introduction of u leads to the change in Eq. (19):
with u = |u|, where the nucleon momentum is replace from p to p − mu in the right hand side. This is easily understood by noting that moving of a Λ c baryon with velocity u in nuclear matter is equivalent to the situation that the Λ c baryon is at rest in the nuclear matter and the nuclear matter moves with velocity −u. As a result, we find that the effective potential in Eq. (18) is changed to
where we defineμ
We callμ the effective chemical potential. We notice that the effective chemical potential can become negative for the velocity larger than the critical velocity u c = 2µ/m. Thus, the velocity should be limited in the range 0 ≤ u ≤ u c . Assuming a small velocity with u u c , we expand the effective potential in Eq. (22) as
Substituting Eq. (22) into Eq. (24), we obtain
We notice that the integrand in the p 0 -integral has a sharp peak around Fermi surface (p 0 µ) at low temperature. We call M (0) (T, µ) the effective mass, because it is the quantity relevant to the mass of inertial of the Λ c baryon in nuclear matter. Let us investigate the details of the physical meaning of M (0) (T, µ). When we recover the Λ c baryon mass M in the total energy, we notice that the mass of the Λ c in nuclear matter can be expressed by
By using Eq. (24), we express the energy dispersion relation of the Λ c baryon with three-dimensional velocity u in nuclear matter as
where the non-relativistic kinetic energy M u 2 /2 is added as the kinetic term in the first line, because the position of the zero-point of energy is shifted from M to M + M u 2 /2. In this form, we understand that M + V (0) (T, µ) and M + M (0) (T, µ) are different quantities: the former is the energy of the Λ c baryon at rest and the latter is the mass of inertia of the Λ c baryon moving in nuclear matter.
C. Change of number density of nucleons
The presence of a Λ c baryon in nuclear matter leads to the disturbance of the nucleon number density according to attraction or repulsion of nucleons to the Λ c baryon. We suppose that the Λ c baryon exists at the position x = 0 statically. We express the nucleon number density modified to
by the Λ c baryon, where n N (T, µ) is the number density of free nucleon gas in the bulk space without the effect by a Λ c baryon, and δn N (T, µ; x) is its deviation by the presence of a Λ c baryon. To calculate, let us remind that the nucleon number density can be obtained by the loop integral of the nucleon propagator (see e.g. Ref. [61] ). For example, the number density of free nucleon gas in bulk space is given as n N (T, µ) = −4 lim y→x dp 0 2π
with −4 the coefficient for the fermion loop and the number of degeneracy by spin and isospin. This turns to be
which in fact coincides with a correct result. We remind us that the p 0 -integral in Eq. (30) is understood as in Eq. (17) . It is obvious that there is no position dependence in n N (T, µ) in bulk space. However, this is not the case when there is a Λ c baryon as an impurity particle, because the existence of the Λ c baryon violates the translational symmetry and the position dependence should appear. In the presence of a Λ c baryon, the deviation of nucleon number density from the one in bulk space is given as δn N (T, µ; x) = −4 lim y→x dp 0 2π
at the position x. We notice again that −4 the coefficient for the fermion loop and the number of degeneracy by spin and isospin, and that the p 0 -integral is understood as in Eq. (17) . T (p 0 ) is the T -matrix in Eq. (13) . For simplicity of calculation, we adopt T (p 0 ) c 1 as the lowest order approximation for small coupling constant. Thus, adopting the spherical wave expansion for x, we obtain
with r = |x| the distance from the position of the Λ c baryon. Just on site of the Λ c baryon (x = 0), we obtain the simple analytic solution as
IV. NUMERICAL RESULTS
A. Parameter sets
In order to constrain the parameter values of Λ and c 1 , we use the scattering length a = 0.89 fm for the interaction between a nucleon and a Λ c baryon in vacuum as the input [51] . From Eq. (17) we obtain the solutions of several parameter sets for (Λ, c 1 ) as summarized in Table I : (a) (0.3 GeV, 16.2 GeV −2 ), (b) (0.4 GeV, 14.0 GeV −2 ) and (c) (0.5 GeV, 12.4 GeV −2 ). We choose the range of the cutoff parameter Λ to be the order of a few hundred MeV, because its inverse 1/Λ should be comparable with the spatial size of hadrons.
B. Effective potential at rest frame
In Table I, 
We consider the heavy mass limit for the Λ c baryon (M → ∞) in order to be consistent with the leading-order approximation in the 1/M expansion, as presented in the Lagrangian (11). When we keep the finite value of the Λ c TABLE I. The parameter sets (a), (b) and (c) for the sharp cutoff parameter Λ and the coupling constant c1 are shown. For each parameter set, the effective potential mass (M = 2.286 GeV), we obtain ∆M Λc = −2π n N a(m + M )/(mM ) = −55.6 MeV, which is larger by about 30 % than the value in Eq. (35) . In any case, the values in the T ρ approximation is different by some factor from the value of the effective potential (18) . Therefore, it is important to include the multiple scatterings in the loop expansion and to perform the loop calculation correctly. It is interesting that the values of V (0) are consistent with the ones obtained in the QCD sum rule calculations. Ohtani et al. gave the mass shift of the Λ c baryon by -20 MeV at normal nuclear matter density [47] .
The values of the effective potential V (0) (T, µ) at various temperature T and chemical potential µ are shown on the µ-T plane in Fig. 2 . It is a reasonable result that the values of V (0) (T, µ) become smaller, and hence that the binding energies become larger, as the chemical potential increases. This is simply induced by the larger Fermi surface at larger chemical potential. It is also found that the values of V (0) (T, µ) become smaller as the temperature increases. This result can be understood intuitively also, because the number density of nucleon gas increases as the temperature increases, and the probability for a nucleon to collide into the Λ c baryon should be enhanced.
C. Effective potential in moving frame and effective mass
We plot the effective potentials at finite velocity V (0) (T, µ; u), Eq. (22), for the parameter sets (a), (b) and (c) in Fig. 3 . As the velocity u = |u| increases, the effective potential becomes shallower and it eventually becomes zero at critical velocity u c = 0.28. It is seen that the approximate lines by Eq. (24) are appropriate for small u = |u|. The tendency that the effective potential becomes shallower as the finite velocity increases is consistent with the simple expectation that the Λ c baryon moving in nuclear matter has a smaller probability to interact with nucleons. The values of the effective mass M (0) (T, µ) in Eq. (26) are calculated at zero temperature and normal nuclear matter density. The results are shown in Table I . They are in the range from 308 MeV to 415 MeV in the present parameter sets. We plot the results of the effective mass M (0) (T, µ) at various temperature and chemical potential on the µ-T plane in Fig. 4 . We find the tendency that the effective mass increases at lager chemical potential for fixed
▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ temperature, while it decreases at larger temperature for fixed chemical potential.
D. Change of number density of nucleons
The change of nucleon number density n * N (T, µ; x)/n N (T, µ) is calculated by Eqs. (29) and (33) . The values just at the Λ c baryon (x = 0) are shown in Table I (cf. Eq. (34)). They are in the range from 1.31 to 1.95 in the present parameter sets. The enhancement is a reasonable result because nucleons feel attraction to the Λ c baryon due to negative value of the effective potential, and they can gather around the Λ c baryon. Therefore, the high density state of nuclear matter exists at the position of the Λ c baryon. Thus, a Λ c baryon is useful probe to study the higher density state in nuclear matter. We notice that this high density state is realized just near the Λ c baryon, and it becomes the nucleon number density in bulk space in far distance. The spatial dependence is plotted in Fig. 5 . The high density state appears locally in the region with distance r < ∼ 2 fm around the position of the Λ c baryon. We find that the change of the nucleon number density damps with small oscillations at far distance r > ∼ 2 fm. This is the Friedel oscillation which is known in the condensed matter physics.
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with the vector-type self-energy Σ v (T, µ), the effective mass M * (T, µ), q the three-dimensional momentum of the Λ c baryon [47] (see also Ref. [62] .). The values of Σ v (T, µ) and M * (T, µ) were estimated in the QCD sum rules [47] . In Eq. (36), expanding the equation for small q and substituting q = M u as the non-relativistic form for small u, we obtain
Comparing Eq. (28) and Eq. (37), we obtain
In the QCD sum rules, the values of Σ v (T, µ) = −0.011 GeV and M * (T, µ) = 2.277 GeV were obtained at T = 0 MeV and µ = 38 MeV (n N = 0.17 fm −3 ) [47] . Then, we have
MeV in the right hand sides in Eqs. (38) and (39), respectively. The former is consistent with the value of the effective potential V (0) (T, µ) obtained in section IV B. On the other hand, the latter is much smaller than the value of the effective mass M (0) (T, µ) obtained in section IV C, though its sign is the same. The difference can occur at next-to-leading order O(1/M ), because the terms at O(1/M ) in the Lagrangian (2) are not fully taken into account in the present study.
B. Diquarks inside charm baryons
As discussed in the introduction, the ud diquark is an important subcomponent inside the Λ c baryon. Let us consider the effective potential in the presence of the Λ c baryon in nuclear matter as being the mass shift of the Λ c baryon (cf. Eq. (27)), and suppose the mass shift is induced by the change of the constituent quarks insider the Λ c baryon. We consider the quark model and assume that baryon mass is given by a sum of the constituent quark masses and the spin-dependent interaction. The Hamiltonian of the spin-dependent interaction between two quarks i, j is expressed by H spin = (C B /(m i m j ))s i · s j with C B the interaction constant, m k the mass of the constituent quark k = i, j and s k is the spin operator acting on the constituent quark k. We adopt m q = 300 MeV for u, d quarks, m c = 1500 MeV for charm quark and m b = 4700 MeV for bottom quark, and C B /m 2 q = 193 MeV to reproduce the mass splittings of normal hadrons in vacuum (see e.g. Refs. [63, 64] ). We consider the bottom sector for generality.
We consider the attractive ud diquark with spin 0 and isospin 0 in the Λ Q = Λ c , Λ b baryons, and the repulsive ud diquark with spin 1 and isospin 1 in the Σ Q = Σ c , Σ b and Σ * Q = Σ * c , Σ * b baryons. Those simple configurations are in good approximation as long as the heavy quark is sufficiently massive. The mass of Λ Q baryon can be parametrized by
and the masses of Σ Q baryon and the Σ * Q baryon by
respectively, with m Q = m c , m b . In the above equations, c is the energy constant stemming from the vacuum properties, such as color confinement, which are not included in the constituent quark and the diquark interaction. Under the above setup, let us suppose that the light quark mass m q is shifted to m * q = m q + δm q in nuclear matter by partial restoration of the broken chiral symmetry. Then, the heavy baryon masses in nuclear matter are given by . The above simple estimates will be useful for understanding the properties of heavy baryons in nuclear matter.
VI. CONCLUSION
We discuss the properties of the Λ c baryon in nuclear matter at zero or finite temperature. Starting from the Lagrangian at the leading order in the 1/M expansion for the Λ c baryon and assuming that the Λ c baryon is at rest, we derive the effective Lagrangian for the Λ c baryon and the nucleons. The parameters in the Lagrangian are constrained by the scattering length estimated in the chiral extrapolation from the lattice QCD simulations. Adopting the one-loop calculation, we obtain the effective potential which is the quantity measuring the stability of the Λ c baryon in nuclear matter. We extend the effective potential to the case when the Λ c baryon moves with a constant velocity. We also derive the change of the nucleon number density around the Λ c baryon in nuclear matter.
The numerical values of the effective potential indicate that the Λ c baryon can be bound with the binding energy of about 20 MeV at normal nuclear matter density. This value is consistent with the ones estimated in other theoretical approaches. The binding energy becomes larger as the temperature and/or the nucleon number density increases. The effective mass, which is the mass of inertia for the Λ c baryon moving in nuclear matter, is also obtained. The nucleon number density near the Λ c baryon reaches higher density than normal nuclear matter, and thus the Λ c baryon can be a useful probe to research the higher density state in nuclear matter.
As future prospects, it will be necessary to consider the higher order terms in the 1/M expansion for the Λ c baryon, the finite range potential between the Λ c baryon and the nucleon, the interactions between nucleons, and so on. Those subjects are not covered in this study. Those effects can be analyzed in terms of the presented formalism by the path-integral and the auxiliary field. Extension to Σ c and Σ c baryons is also interesting. Because Σ c and Σ * c baryon has finite spin and isospin, it may be possible to study the phenomena related to the Kondo effect, which is an impurity effect caused by the non-Abelian (spin, isospin-exchange) interaction between the impurity particle and the fermion gas [65] [66] [67] . Excited states of charm baryons such as Λ * c (2595) and Λ * c (2625) are also interesting objects, because they are related to the D and D * dynamics in nuclear matter (see Ref. [8, 9] and the references therein). Reaction mechanisms to produce charm baryon in nuclei in experimental facilities should be studied further [68, 69] (see also Refs. [70, 71] ). Those subjects are left for future works.
